Introduction
============

Barley (*Hordeum vulgare* L.) is the fourth most important cereal crop worldwide. It is a true diploid and has been proposed as a model for genomic research in the Triticeae tribe, which includes wheat and rye ([@b39]). The construction of a reference sequence of the barley genome has remained elusive to date, owing to its large genome size (5 Gb) and abundance of repetitive elements. The International Barley Genome Sequencing Consortium (IBSC) recently presented a gene-space assembly ([@b40]) of cultivated barley as an enabling platform for genome-assisted basic research and crop improvement. This assembly represents 86% of the entire barley gene set and, through extensive physical and genetic mapping resources, the sequence contigs have been arranged in a linear order.

The barley genome assembly is gene-focussed and enables a gene-based resequencing strategy that is relevant to both academic and applied interests. Hybridization-based exome capture is an established method for targeted resequencing of the gene space ([@b2]). Briefly, whole genomic DNA is hybridized to pools of oligonucleotide probes that are specific to a set of exons, capturing sequences that are homologous to the targeted regions. The probes are immobilized either by covalent attachment to a glass support ([@b21]) or by biotin--streptavidin linkage to an insoluble matrix such as magnetic beads ([@b1]). The latter approach offers the advantage that both probe and target are in solution during hybridization, decreasing hybridization time. Non-homologous sequences are removed by washing and the hybridized portion eluted and sequenced. As the region targeted for sequencing is greatly reduced, sequencing costs per genome are dramatically lower, allowing high coverage depth of targets and sensitive and accurate variant and genotype calling. Moreover, downstream computational costs per genome for data management, read mapping and variant calling are correspondingly reduced.

Restricting attention to only the mRNA-coding part of the genome can be sufficient to elucidate the molecular basis of natural or induced genetic variation. In biomedical research, exome capture has been applied successfully for the discovery of coding mutations that underlie human disease (see review of [@b2]) and mutant phenotypes in mice ([@b12]). In maize, a haplotype map ([@b15]) has been constructed by resequencing only low-copy regions of the genome in different genotypes, and sequence polymorphisms within genic regions have been estimated to contribute a large fraction of the natural variation to quantitatively inherited traits ([@b27]). Furthermore, a whole exome capture assay was used to validate presence--absence variation between maize cultivars ([@b29]). In the *Brassicaceae*, sequence capture has been proposed as a cost-effective alternative to whole-genome resequencing for sequence-based genetic mapping ([@b14]).

Exome capture assays designed for one species have also been successfully applied to enrich genic regions from related species. For instance, human assays have been used to capture exomes of Neanderthals and non-human primates ([@b6]; [@b41]) and an assay designed for domestic cattle has been applied to wild bison ([@b9]). In agricultural plants, genomic tools developed for cultivated species could have great value for applicability in the less resourced wild and related species, for both phylogenetic analysis, population and evolutionary genetics research and in strategic and applied plant science ([@b43]; [@b36]; [@b37]; [@b22]; [@b24]). In a breeding context, wide crosses between cultivars and wild relative species have been recognized as a means to introduce beneficial alleles into agriculture conferring, for example, resistance to biotic and abiotic stress. The development of strategies that overcome some of the practical limitations of utilizing wild germplasm in agriculture has become a major goal of crop genomic research (reviewed in [@b13]).

Here, we report the implementation and evaluation of a whole exome capture assay for cultivated barley, and demonstrate its applicability to genome-wide variant discovery in related species.

Results
=======

Design of the barley exome capture platform
-------------------------------------------

Target sequences were selected for probe design (Table [1](#tbl1){ref-type="table"}), including: (i) 155 863 exons predicted by the Cufflinks pipeline from RNA-Seq reads mapped to the whole-genome shotgun (WGS) assembly of barley cv. 'Morex' (NCBI accession CAJW01, the 'Morex assembly'); (ii) 35 297 full-length cDNA sequences; and (iii) 108 759 transcript contigs assembled from RNA-Seq reads. To assure that the probe design included loci previously Sanger sequenced, the design was examined for the presence of all barley genes \>1000 bp available from GenBank (243 genes). Sequences were absent or partially present were added to the design (46 genes). After filtering this set of all target sequences for repetitive regions by kmer analysis, a capture space of 90.2 Mb was defined.

###### 

Sequence input for capture design

  Probe set[a](#tf1-1){ref-type="table-fn"}   No. of sequences   Length (bp)   Predicted coverage (%)[b](#tf1-2){ref-type="table-fn"}   Source
  ------------------------------------------- ------------------ ------------- -------------------------------------------------------- ------------
  Cufflinks predictions                       155 863            56 418 032    98.5                                                     [@b40]
  Full-length cDNA                            35 297             14 707 427    97.0                                                     [@b30]
  RNA-Seq contigs                             108 759            30 663 579    97.9                                                     This study
  Total                                       300 919            101 789 038   97.8                                                     

Number of sequence contigs after filtering for repetitive sequences.

Predicted sequence capture coverage extending capture targets by 100 bp on each side.

Target sequences derived from full-length cDNA or RNA-Seq contigs were aligned against the Morex assembly. The Cufflinks exons are recorded as coordinates on the Morex assembly. Ninety-two percent of all transcript contigs could be positioned on the Morex assembly and overlapped with Cufflinks exons, thus their mapping collapsed the target space to 61.6 Mb of non-overlapping intervals on the Morex contigs. These target regions were used for subsequent analyzes of capture efficacy. 45.3 Mb (73.6%) of target sequence were located on sequence contigs anchored to the physical and genetic framework of barley ([@b40]). Approximately 34.6 Mb corresponded to exons of so-called high-confidence genes ([@b40]), an additional 16.4 Mb represented low confidence exons; 10.6 Mb of the capture space are not located in annotated exons. These sequences originate presumably from full-length cDNAs or from *de novo* RNA-Seq contigs that represent genes not included in the current annotation. Almost three-quarters (73.7%) of high-confidence exonic sequence and 40.7% of low confidence exon sequence annotated on the basis of the barley draft genome assembly (IBSC, 2012) are represented by our target regions. Note that we used a preliminary version of the RNA-Seq annotation of the Morex assembly, so that not all gene models defined in the published dataset have been included in the target space.

The design workflow for the exome capture assay is shown in Figure S1(a). A prototype design consisting of 4 021 945 oligonucleotide probes was synthesized and tested on cultivars Barke, Bowman, Morex and Steptoe. Relative performance of the probes in this design were assessed for over- or under-representation in the captured exomes. Two second-phase designs were then developed, by empirically re-balancing probe coverage of the targets to improve capture uniformity. The best of these designs was adopted as final and is available from the Roche NimbleGen by requesting SeqCap EZ Developer probe pool design 120426_Barley_BEC_D04.EZ.

Performance of the barley exome capture platform on barley cultivars
--------------------------------------------------------------------

The performance of the capture design was assessed for 36 samples from 13 different barley cultivars (Table [2](#tbl2){ref-type="table"}, Table S1). For the analysis of target coverage and single nucleotide polymorphism (SNP) calling, only properly paired non-duplicate reads were considered, i.e. those read pairs in which both single reads map to the same genomic location. A workflow chart of our analysis pipeline is given in Figure S1(c). On average, 49.6% of reads were mapped as proper pairs and passed the duplicate removal filter. Between 64 and 90% of these reads mapped within or near (±300 bp) target regions. An example of a target region with mapped reads is shown in Figure S2.

###### 

Barley cultivars and wild relatives included in this study

  Species                Cultivar/accession     No. of captures
  ---------------------- ---------------------- -----------------
  *Hordeum vulgare*      Barke                  11
                         Borwina                1
                         Bonus                  1
                         Bowman                 3
                         Foma                   1
                         Gull                   1
                         Harrington             1
                         Haruna Nijo            1
                         Igri                   1
                         Kindred                1
                         Morex                  11
                         Steptoe                2
                         Vogelsanger Gold       1
  *Hordeum spontaneum*   B1K-04-12              1
                         OUH602                 1
                         B1K-03-07              1
  *Hordeum bulbosum*     A42 (autotetraploid)   1
                         BCC 2061 (diploid)     1
                         2940/4 (diploid)       1
  *Hordeum pubiflorum*   BCC 2028               1
  *Triticum aestivum*    Chinese Spring         1

For individual samples sequenced on a single HiSeq2000 lane (≥30 Gb of sequence), capture sensitivity was very high with more than 95% of all target bases covered by at least 10 reads (Figure [1](#fig01){ref-type="fig"}). Sensitivity was slightly lower for multiplexed capture: 79--93% of targets had 10-fold coverage. Specificity was comparable between individual and pooled captures (Approximately 78% on-target reads) and capture performance was similar among different genotypes (Table S1). To test how well the sequencing output per sample is controlled by the multiplexing level, sequencing libraries from different accessions were barcoded and hybridized together in combinations with different molar ratios. The target coverage reflects the pooling ratios of the samples very well, although enrichment seems to be slightly more efficient at lower concentrations (Figure [2](#fig02){ref-type="fig"}).

![Target coverage in cultivars and related species.The percentage of target regions with at least 10-fold coverage (a), and the median coverage (b), of target regions are plotted as function of raw sequencing output. Different symbols are used for samples from different species. The legend is given in (b) for both panels. Regressions lines were obtained fitting the model log(1-y)∼log(x) (a), or a linear model (b), to the data points of *Hordeum vulgare*.](tpj0076-0494-f1){#fig01}

![Target coverage in library combinations.The median per-base coverage in target regions is depicted cultivars Morex (green), Barke (orange), Bowman (blue) and Steptoe (gray). Libraries from these cultivars were combined at different molar ratios. The first group of bars corresponds to an experiment in which libraries from Morex and Barke were combined after hybridization. Otherwise, libraries were hybridized to the capture assay in combination. The molar ratios of the combinations are given below the bars. The observed ratios between the median target coverage are printed above the bars.](tpj0076-0494-f2){#fig02}

For genome-wide resequencing studies that involve a number of accessions, it is preferable that a target is covered equally across all accessions in order to maximize the amount of comparable sequence data. We determined the intervals on the Morex assembly (not necessarily within target regions) that are covered in captured samples from all 13 barley cultivars included in this study (Figure [3](#fig03){ref-type="fig"}). The number of raw reads varied between 59 million and 133 million reads per sample. Approximately 49.4 Mb of sequence were covered at 10-fold in all 13 samples. About 92.5% of these intervals were located in or within 300 bp of target regions; 63.4% of all predefined target had at least 10-fold coverage in all 13 samples and 78.6% were covered by five or more reads. About 3.6 Mb of sequence (7.3%) were covered by 10 reads in all 13 samples, but were not within 300 bp of target regions. Seventy-six percent of this portion of sequence had a BLASTN hit with at least 50 bp alignment length and sequence identity between 80 and 98% to a predefined capture target, and indicated that reliably captured genomic regions not within the target spaces are in most cases paralogs of target sequences.

![Coverage across 13 cultivars.The size of sequence intervals on the barley WGS assembly covered by at least 1, 2, 5, 10, 20 or 50 reads in all captured samples from a set of 13 cultivars. All bases positions (black dots) or only positions in target regions (red dots) were considered.](tpj0076-0494-f3){#fig03}

Intervals with reliable capture coverage identified in this analysis are available for download from <ftp://ftp.ipk-gatersleben.de/barley_exome_capture>.

Performance of the barley exome capture platform for related *Hordeum* species
------------------------------------------------------------------------------

The platform was tested for its efficacy with members of the primary, secondary and tertiary gene pools of the genus *Hordeum* ([@b20]). Exome capture and sequencing was performed for *H. vulgare* L. subsp. *vulgare* and subsp. *spontaneum* (K. Koch) Thell., *H. bulbosum* L. and *H. pubiflorum* Hook f*. and Triticum aestivum*. Sequencing reads from all samples were mapped against the Morex assembly. The number of reads that could be mapped to the barley assembly decreased with phylogenetic distance ([@b3]). Nevertheless, a substantial proportion of the target space obtained sufficient read coverage even in a capture of the more distantly related *T. aestivum* (Figure [1](#fig01){ref-type="fig"} and Table S1). To decide whether targets not covered in related species were not captured during hybridization or whether captured reads could not be mapped to the Morex assembly because of excessive sequence divergence, we sequenced an accession of *H. pubiflorum* to approximately 19-fold haploid genome coverage with short Illumina reads (2 × 100 bp) and constructed a *de novo* gene-space assembly. Although the resulting assembly was incomplete and highly fragmented (assembly length 1.4 Gb, 1.8 million contigs with an N50 of 1662 bp), it can be expected to contain near full-length sequences of most genes as was demonstrated in the case of the Morex assembly ([@b40]). About 90% of all reads captured from *H. pubiflorum* could be mapped to its assembly. The number of reads that mapped as correct pairs increased by 47% from 14.8 million to 21.9 million when the *H. pubiflorum* assembly was used as a mapping reference. To assess capture sensitivity and specificity, we projected the target regions from the Morex assembly onto the *H. pubiflorum* assembly. About 82% of all target regions could be mapped to the *H. pubiflorum* assembly. Using the target intervals now defined on the assembly, we found that 85.5% of all reads lay within 300 bp of targets. The median depth of coverage in target regions was 20, and 66% of all targets were covered by at least 10 reads. Overall, 22.6 Mb of sequence were covered at a depth of at least 10-fold, 90% of which was comprised of on-target reads (±300 bp).

Whole-genome shotgun sequencing was performed for one accession of *H. bulbosum*. *H. bulbosum* can be either diploid or autotetraploid ([@b28]; [@b4]). The tetraploid accession A42 was sequenced to nine-fold polyhaploid genome coverage (assuming a diploid genome size of approximately 4.5 Gb ([@b23])). Assembling 82 Gb of sequencing reads resulted in a set of 2.8 million contigs with a cumulative length of 1.3 Gb and an N50 of 511 bp. The assembly statistics are substantially worse when compared with the assembly of diploid *H. pubiflorum*. Presumably, sequencing depth was too low or the assembler was unable to disentangle homoeologous sequences, resulting in a large number of small contigs. Mapping exome capture reads of *H. bulbosum* accession A42 to the A42 assembly did not substantially improve the mapping rate: 27.9 million reads could be mapped as proper pairs to this assembly, an increase of only 3% compared with 27.0 million read pairs mapped to the Morex assembly.

We conclude that, although the size of the regions efficiently captured is reduced, the specificity of our assay when applied to *Hordeum* species is comparable with barley cultivars. For the analysis of sequencing data from more diverse diploid species, we recommend producing a *de novo* WGS assembly. For polyploid *Hordeum* species, it is advantageous to rely on the barley assembly as *de novo* assemblies from next generation sequencing (NGS) data of polyploids can be too fragmented to serve as a useful reference.

Performance of the barley exome capture for hexaploid wheat
-----------------------------------------------------------

One sample of hexaploid wheat (*Triticum aestivum* cv. Chinese Spring) was captured with our platform and reads were mapped against WGS assemblies of barley and wheat. For wheat, there are two assemblies available ([@b5]) that are based on the same set of 454 reads. An orthologous group assembly (OGA) had been constructed from reads with sequence similarity to known grass genes, and a low-copy-number genome assembly (LCG) obtained from non-repetitive reads only ([@b5]).

About half of our exome capture reads could be mapped against the barley assembly with 96.2% of them being on target (Table S1). Mapping rates increased for the wheat assemblies: 82.8 and 63.0% of raw reads could be mapped to the low-copy-number and orthologous group assemblies, respectively. The LCG assembly incorporated more sequence information (3.6 Gb versus 437 Mb) and its contigs were, on average, about twice as long as OGA contigs (N50 of 884 bp versus 481 bp) ([@b5]), explaining the substantially higher amount of reads mapped to LCG contigs.

The intervals on the LCG and OGA assemblies with ≥5 × coverage had a cumulative length of 115.4 Mb and 132.6 Mb, respectively. About 46.2% of OGA contigs had been assigned to one subgenome ([@b5]). The ratio between the amount of sequence with five-fold coverage in the three subgenomes was 1:0.87:1.18 (A:B:D). The ratio was 1:1.20:1.30 for all OGA contigs, a finding that indicated that the barley assay is able to capture sequences from all three subgenomes, probably with slight imbalances between the three subgenomes. A whole exome capture assay based on EST and cDNA sequences has been specifically designed for hexaploid wheat ([@b42]) and is probably more suitable for targeted resequencing in wheat. However, for diploid *Aegilops*, *Triticum* or *Secale* species, performance of the barley assay could be similar or better than the wheat assay, as it has been designed on the basis of a gene-space assembly and avoided probes across exon--exon junctions.

SNP discovery using the barley exome capture platform
-----------------------------------------------------

Sequence capture has been recognized as a cost-effective means for genome-wide variant discovery ([@b10]). In a plant science context, exome sequencing could be applied, for instance, to the parents of a bi-parental mapping population and detected sequence variants converted into marker assays. To assess the usefulness of the whole exome capture for variant discovery, SNP calling was performed in the captured sample from cultivars and wild relatives with a computational pipeline consisting of BWA and SAMtools ([@b26]; [@b25]) to assess the usefulness of whole exome capture for variant discovery in barley. As a reference sequence, the Morex assembly was always used. As it has been shown that variant calls in off-target regions are of high quality if coverage is sufficient ([@b17]), we did not restrict our attention to target regions, but counted any variant position on the Morex assembly. When sequencing depth was higher, so was the overall number of called variants. SNP counts in target regions, however, did not increase substantially when the sequencing output increased from approximately 10 Gb to approximately 30 Gb (Figure [4](#fig04){ref-type="fig"} and Table S1). Although at lower frequency, SNPs were detected relative to the Morex reference in the Morex exome capture reads (Table S1). Similar results had been reported for SNP calling from whole-genome resequencing data ([@b40]). Approximately, 68% of Morex--Morex SNPs called in the high coverage exome capture sample had also been identified from genomic data. The occurrence of these SNPs had been attributed partially to low sequence accuracy particularly at the ends of WGS contigs. Those spurious variant positions, if detected in other samples, should be treated with caution. A table of all variant positions and genotype calls is available for download from <ftp://ftp.ipk-gatersleben.de/barley_exome_capture>.

![Number of detected single-nucleotide polymorphisms (SNPs).The number of SNPs detected between Morex and samples from other barley cultivars and related species across the genome (a) or only in target regions (b) is plotted as a function of sequencing depth. The legend for both panels is shown in (a). Regression lines were obtained by fitting a linear model to *Hordeum vulgare* data points.](tpj0076-0494-f4){#fig04}

We visualized the SNP frequency between Morex and other cultivars in 10 Mb windows along the physical and genetic framework of barley (Figure [5](#fig05){ref-type="fig"}). In all samples, variant frequency decreases by about one to two orders of magnitude in the centromeric and peri-centromeric regions compared with variant frequency in the telomeric regions. We attribute this finding to a decreased frequency both of genes (and consequently targeted exons) and sequence variation in the genetic centromere of barley ([@b40]).

![Frequency of single-nucleotide polymorphisms (SNPs) in exons along the barley chromosomes.The SNP frequency in 5 Mb windows along the physical length of the seven barley chromosomes is plotted for 12 cultivars, three accessions from species in the genus *Hordeum* and bread wheat cv. Chinese Spring. SNP calling was performed against a reference sequence from barley cultivar 'Morex'. The positions of contigs were taken from the barley physical framework (IBSC, 2012).](tpj0076-0494-f5){#fig05}

To demonstrate the usefulness of exome sequencing for characterization of barley germplasm, we constructed a phylogenetic tree for barley cultivars and three subsp. *spontaneum* accessions from 122 940 SNPs with no missing data (Figure [6](#fig06){ref-type="fig"}). Barley cultivars with a shared pedigree (e.g. Kindred and Morex or Bonus, Gull and Foma) cluster together, as expected. Wild accessions are clearly separated from each other as well as from cultivated barley.

![Neighbor-joining tree.The tree depicts the single-nucleotide polymorphism (SNP) distance between 13 barley cultivars and three *Hordeum spontaneum* accessions as inferred from genotype calls at 122 940 bi-allelic SNPs with no missing data. A tree including *H. bulbosum* and *H*. *pubiflorum* accessions is shown in Figure S3.](tpj0076-0494-f6){#fig06}

Including captured samples from wild relatives in the analysis, doubled the number of polymorphic markers and the resulting neighbor-joining tree correctly put these samples distant from both cultivated and wild barley (Figure S3). Exome sequencing of diverse panels of barley cultivars, landraces and wild accessions should overcome the ascertainment bias of array-based genotyping assays tailored for elite cultivars ([@b31]) and enable the correct estimation of levels of genetic diversity in various sets of barley germplasm.

Discussion
==========

We developed an assay to sequence selectively a large portion of the mRNA-coding part of the barley genome, validated the performance of our assay and outlined the path for the computational analysis of barley exome sequencing data. Read mapping and variant calling were performed against the WGS assembly of the barley cultivar 'Morex'. The subsequent visualization of results made use of the partial order of WGS contigs in the barley physical and genetic framework ([@b40]).

To assess the performance of our assay, we mapped the portion of our capture space, that was derived from previous established transcriptome resources, onto the Morex assembly. Moreover, by comparing the coverage across different samples, we identified regions (not necessarily within target regions) expected to be captured reliably in a wide spectrum of cultivars. Regions represented in the sequencing data, but not originally targeted, are most likely to be fragmented copies or nearly identical paralogs of our targeted genes. As the capture experiments were carried out independently in four different laboratories, these results on capture sensitivity and specificity provide a robust guideline of the capture performance.

The barley genotypes we sequenced for assessing capture performance are interesting in their own right. The cultivars Morex, Barke, Igri, Harrington, Steptoe and the subsp. *spontaneum* accession OUH602 are among the parents of widely used mapping populations ([@b16]; [@b19]; [@b44]; [@b8]). The cultivar 'Bowman' is the recurrent parent in an extensive collection of nearly isogenic lines ([@b11]) that was developed by recurrently backcrossing independent mutant alleles to Bowman. Many of these mutants had been induced in the cultivars Bonus, Foma or Gull. Thus, the sequence variants detected in our sequencing data may contribute to further molecular characterization of this mutant collection as well as to gene isolation.

Our probe design is not only applicable to cultivated barley, but also to other species in the genus *Hordeum*. As the effort of designing another whole exome capture assay specific to other *Hordeum* species is not likely be taken in the near future, our assay may function as an effective surrogate. While a substantial proportion of the captured reads can be mapped to the Morex assembly, read mapping is more efficient if an appropriate mapping reference is used, as we demonstrated by mapping captured *H. pubiflorum* reads against a newly constructed *H*. *pubiflorum* shotgun assembly. Following the same approach for tetraploid *H*. *bulbosum* was less efficient due to issues of assembly quality most likely because of low read depth and the presence of two homoeologous copies for each genomic region. We estimate the necessary minimal genome coverage at 15- to 20-fold to produce a suitable *de novo* assembly for a diploid species. Target positions can then be redefined in terms of the new assembly. As an alternative to a *de novo* assembly, more lenient criteria may be used for mapping reads against the Morex assembly. Although probably resulting in an increase in the proportion of mapped reads, this approach can give rise to false-positive SNP calls due to paralogous mapping in downstream analysis.

Capture of the exome of even more distantly related bread wheat with our assay provided reasonable results. Half of the captured sequence could be mapped against the barley assembly. However, capture or read mapping may favor one homeologous copy of a gene and introduce a (locus-specific) skew towards one subgenome. Although there is a capture assay specifically designed for bread wheat ([@b42]), our assay may be preferable in some special cases. While disentangling homoeologues from short sequencing reads remains challenging in polyploid wheat species, genotype calling and allele frequency estimation should be fairly straightforward in diploids. Exome sequencing may thus enable mapping-by-sequencing in diploid Triticeae such as diploid Einkorn wheat (*T. monococcum*), *Aegilops tauschii* or rye. The barley physical and genetic framework may serve as a reference for read mapping as long as a comparable resource is lacking for wheat and rye.

Our analysis highlights the advantages of having an established reference assembly, even if it is highly fragmented. About 80--95% of all captured reads could be mapped against the barley WGS assembly, corroborating the previous estimate that this assembly represents 86% of all barley genes. [@b42] could only map around 35% of their reads back onto a target space defined from ESTs. Using a more sensitive (and complicated) mapping procedure, [@b38] could map 60% of reads captured in tetraploid wheat against a full-length cDNA reference. In both studies, complex intron--exon structures probably prevented the mapping of genomic reads onto a transcribed reference.

In conclusion, we expect that whole exome capture will become the most widely used approach for resequencing studies in barley and its relatives in the near future. We anticipate wide applications of this capture platform in population genetics/genomics, evolutionary studies, gene isolation and comparative genomics.

Experimental Procedures
=======================

Probe design
------------

Input sequence to the array design was 300 919 sequences, totaling 101.8 Mb, derived from the gene models predicted from the mapping of RNA-Seq reads ([@b40]), barley full-length cDNA ([@b30]), and *de novo* assembled RNA-Seq contigs. RNA-Seq contigs were assembled with CLC assembly cell (<http://www.clcbio.com/>) from RNA-Seq reads of different cultivars ([@b40]). Variable length probes (50- to 100-mers) were generated at a 5-bp step across the entire sequence space. Individual probes were repeat-masked by removing probes that had an average 15-mer frequency \>200, using a 15-mer frequency table generated from the Morex genome assembly. The repeat-masked probe set was compared back to the target sequence using SSAHA ([@b32]), using a minimum match size of 30 and allowing up to five indels or gaps. Probe sequences with more than 25 matches in the target set were eliminated from consideration. A probe set, containing 2 040 943 unique probes, was generated by selecting them at an average spacing of 40 bp (measured from 5′ oligo starting position to the next 5′ oligo starting position). An array design was made using two replicates of this probe set, plus two replicates of a set of 77 192 random probes. Two slides of this array design were hybridized for 4 days with four barley cultivars (Steptoe (Cy3) versus Barke (Cy5), Morex (Cy3) versus Bowman (Cy5)) using standard CGH protocols (<http://www.nimblegen.com/products/lit/NG_CGHCNV_Guide_v8p1.pdf>). Based on the CGH results, 0.42% of the probes were removed as missed repetitive elements based on high signal intensity. An additional 2.16% of the probes were excluded as contaminants or non-performing, based on low signal for all four cultivars. The remaining probes were used to construct a solution-phase capture pool. Four cultivars (Morex, Steptoe, Barke and Bowman) were captured and sequenced using standard protocols with an Illumina HiSeq (2 × 76 bp). The sequencing data were used to optimize empirically the capture design, using a proprietary Roche NimbleGen method. No sequence content was changed in the optimization of the design.

Capture library preparation and pre-hybridization amplification
---------------------------------------------------------------

A schematic overview of the experimental procedures is shown Figure S1(b). Illumina TruSeq Paired End libraries (Illumina Part \# 15026486) were prepared essentially as described by the manufacturer (Illumina, Inc., San Diego, CA, USA) using DNA Adapter Indexes 2, 4, 5, 6, 7 or 12, respectively. Briefly, 1 μg genomic DNA was fragmented into a 200--300 bp size range using a sample volume of 53 μl, Covaris microTUBES and a Covaris S220 Instrument (175 W ultrasonic power, 10% duty factor, 200 cycles per burst, 100 sec treatment time). Libraries were utilized either with or without size fractionation. If size fractionation was used the DNA adapter ligated products were recovered with a size between 320 and 420 bp by excision from an SYBR-Gold stained agarose gel. The TruSeq DNA libraries were purified using AmPure XP Beads (Beckman Coulter GmbH) and eluted in 30 μl Resuspension Buffer according to the manufacturer (Illumina, Inc., San Diego, CA, USA).

To enrich for correctly ligated DNA fragments, 20 μl of the TruSeq DNA library were used as template in the pre-capture LM-PCR reaction (ligation-mediated PCR; 100 μl volume) containing Illumina sequencing adapters (2 μ[m]{.smallcaps} TS-PCR Oligo 1: AATGATACGGCGACCACCGAGA and 2 μ[m]{.smallcaps} TS-PCR Oligo 2: CAAGCAGAAGACGGCATACGAG) and 50 μl Phusion High-Fidelity PCR Master Mix (2×, New England BioLabs GmbH, Part\# F-531L). LM-PCR cycling, clean-up and elution of the sample were as described previously ([@b18]). The DNA was quantified using a Qubit 2.0 fluorometer (Invitrogen) and analyzed electrophoretically with an Agilent 2100 Bioanalyzer (Santa Clara, CA, USA) using a DNA 7500 chip (Part\# 5067-1506). The library fragments of the amplified sample library were between 250 and 500 bp.

Capture library and liquid array processing
-------------------------------------------

Prior to hybridization 10 μl of Roche NimbleGen\'s (Madison, WI, USA) proprietary Plant Capture Enhancer (PCE) were added to a 1.5-ml tube containing 1 μg of the amplified sample library. This reagent has been subsequently renamed Sequence Capture Developer Reagent (Material \# 06684335001, Roche, Indianapolis, IN, USA). Next, 1 μl of 1 m[m]{.smallcaps} TS-HE Universal Oligo 1 (AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCT) and 1 μl of the appropriate TS-INV-HE Index Oligo (1 m[m]{.smallcaps}) were added. The mixture was dried down in a SpeedVac at 60°C. The TS-HE Universal Oligo 1 was designed to block the universal segment of TruSeq DNA library adapters during the sequence capture hybridization. The TS-INV-HE Index Oligos were designed accordingly, to block the corresponding indexed (underlined) segment of the TruSeq DNA library adapters (TS-INV-HE Index Oligo 2: CAAGCAGAAGACGGCATACGAGATACATCGGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT/term/; TS-INV-HE Index Oligo 4: CAAGCAGAAGACGGCATACGAGATTGGTCAGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT/term/; TS-INV-HE Index Oligo 5: CAA GCAGAAGACGGCATACGAGATCACTGTGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT/term/; TS-INV-HE Index Oligo 6: CAAGCAGAAGACGGCATACGAGATATTGGCGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT/term/; TS-INV-HE Index Oligo 7: CAAGCAGAAGACGGCATACGAGATGATCTGGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT/term/; TS-INV-HE Index Oligo 12: CAAGCAGAAGACGGCATACGAGATTACAAGGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT/term/; '/term/'indicates the addition of a dideoxy-C modification). Up to six samples provided with different indexes were pooled for hybridization. The amount of the corresponding TS-INV-HE Index Oligos was proportional to the concentration of the sample in the pool. To each dried-down sample 7.5 μl of 2 ×  Sequence Capture (SC) Hybridization Buffer (tube 5) and 3 μl of Hybridization Component A (tube 6) were added (Roche Part\# 05634261001, Roche, Indianapolis IN, USA). The hybridization cocktail was vortexed for 10 sec and collected by centrifugation. Following denaturation in a heat block (95°C, 10 min) the sample was transferred to a 0.2 ml PCR tube containing 4.5 μl Exome Library (liquid array). The hybridization sample (15 μl) was incubated in a thermocycler (lid heated to 57°C) at 47°C for 64--72 h.

The proprietary NimbleGen SC Wash Buffers (tubes 1, 2 and 3), Stringent Wash Buffer (tube 4) and the Bead Wash Buffer (tube 7) were diluted to 1 ×  working solutions (Roche Part\# 05634261001, Roche, Indianapolis, IN, USA). Streptavidin Dynabeads (M-270, Invitrogen) were thoroughly vortexed, aliquoted (50 μl per hybridization) into 1.5-ml tubes and prepared for the affinity purification of captured DNA. The tubes were placed in a DynaMag-2 magnet (Invitrogen, Part\# 123-21D) for 2 min. The clear liquid was discarded and 100 μl of Bead Wash Buffer were added. Tubes were vortexed, placed back in the magnet, the clear liquid was removed, and the washing was repeated once. Dynabeads were resuspended in 50 μl Bead Wash Buffer, transferred into PCR plates and collected using a DynaMag-96 Side Skirted Magnetic Particle Concentrator (MPC, Invitrogen, Part\# 120.27). The clear supernatant was discarded. The hybridization sample was added to the wet Dynabeads and mixed thoroughly by pipetting up and down. Using a thermocycler (lid heated to 57°C) at 47°C for 45 min the captured sample was bound to the Dynabeads. The sample was vortexed for 3 sec in 15-min intervals to ensure that the Dynabeads remain in suspension. Dynabeads plus bound DNA (15 μl) were washed by adding 100 μl SC Wash Buffer I (pre-heated to 47°C for 2 h) and vortexing for 10 sec. The suspension was transferred to a 1.5-ml tube and placed in a DynaMag-2 device, and the supernatant was discarded once clear. Washing was continued by adding 200 μl Stringent Wash Buffer (pre-heated to 47°C for 2 h). The sample was mixed by pipetting avoiding a major temperature drop and incubated for 5 min at 47°C. Following bead purification using the DynaMag-2 magnet, the liquid was discarded and the washing at 47°C with Stringent Wash Buffer was repeated once. Dynabeads plus bound DNA were purified in a DynaMag-2 device and 200 μl Wash Buffer I (room temperature) was added. The sample was vortexed for 2 min and the liquid was collected to the tube\'s bottom. Following magnetic concentration the liquid was discarded, and the sample was washed with 200 μl Wash Buffer II (vortexing for 1 min) followed by 200 μl Wash Buffer III (vortexing for 30 sec) as described for washing with Wash Buffer I. The tube was removed from the magnet and the bead-bound captured library was resuspended in 50 μl PCR-grade water (storage at −20°C possible).

The bead-bound captured library was amplified using LM-PCR. LM-PCR master mix (200 μl volume) contained 50 μl of bead-bound captured library, Illumina sequencing adapters (2 μ[m]{.smallcaps} TS-PCR Oligo 1 and 2 μ[m]{.smallcaps} TS-PCR Oligo 2) and 100 μl Phusion High-Fidelity PCR Master Mix (2 × , New England BioLabs GmbH, Part\# F-531L). Next, 100 μl of the master mix were distributed into two 0.2-ml PCR tubes for amplification. LM-PCR cycling conditions were: 98°C for 30 sec, followed by 16 cycles of 98°C for 10 sec, 60°C for 30 sec and 72°C for 30 sec. The DNA was extended for 5 min at 72°C and kept at 8°C until further processing. Both LM-PCR reactions were combined and cleaned-up using the Qiaquick PCR purification kit (Qiagen, Hilden) according to the manufacturer instructions with slight modifications. To each reaction (200 μl), 1 ml of Qiagen PBI buffer was added; 600 μl of the sample were applied in two consecutive steps to the same Qiaquick column (centrifugation 16000 ***g*** for 1 min). Following washing with 750 μl Qiagen PE buffer, the flow-through was discarded and the column was spun for 1 min (16 000 ***g***). In order to remove PE completely, the column was rotated 180° and spun again for 30 sec. DNA was eluted after addition of 50 μl EB (pre-heated to 50°C), incubation for 1 min and centrifugation (16000 ***g***, 1 min). The A~260~/A~280~ ratio (1.7--2.0) was recorded using a NanoDrop spectrophotometer. Libraries were analyzed electrophoretically using the Agilent 2100 Bioanalyzer (Santa Clara, CA, USA) and a DNA 7500 chip (Agilent Part\# 5067-1506). The library fragments of the post capture enriched sequencing libraries were between 250 and 500 bp. Quantification of libraries and sequencing of capture libraries is described in Methods S1. Library preparation for whole-genome sequencing is described in Methods S2.

Analysis of exome sequencing data
---------------------------------

Target regions derived from transcript contigs (full-length cDNA or RNA-Seq contigs) were mapped against the WGS assembly of barley cultivar 'Morex' ([@b40]) with BWA (command bwasw) ([@b26]) and Mega BLAST ([@b7]) and mapping positions on the assembly were collapsed into the single bed file with BEDTools ([@b34]). Sequencing reads were mapped to the Morex assembly with BWA 0.6.2 (commands aln and sampe). Coverage was computed with SAMtools depth ([@b25]) considering only properly paired reads. Coverage statistics were calculated with AWK scripts and visualized in the R statistical environment ([@b35]). Regression analysis of sequencing output, read coverage and the number of detected SNPs was performed using standard R functions. Regions with high coverage but not located within target regions were compared with targets with Mega BLAST ([@b7]) and BLAST output was filtered with an AWK script. SNP calling was performed with SAMtools mpileup/BCFtools ([@b25]) (version 0.1.18) using default parameters. If an accession was captured twice or more, the sample with the highest sequencing output was chosen. Resulting SNP calls were filtered with a custom AWK script discarding positions with quality score below 40 or coverage below 10-fold. SNP frequency was visualized along the integrated physical and genetic map of barley ([@b40]) with an R script.

Assembly of WGS data
--------------------

Sequencing reads from *H. pubiflorum* and *H. bulbosum* were quality trimmed and assembled with CLC assembly cell 3.2.2 (<http://www.clcbio.com/>) using the programs quality_trim (default parameters) and clc_novo_assemble (parameters: fb ss 100 400). Capture targets were mapped against the *H. pubiflorum* contigs with BWA-SW and target intervals were defined with BEDTools.

Phylogenetic tree construction
------------------------------

Variant positions and genotype calls were filtered according to the following criteria: (i) only bi-allelic SNPs were considered; (ii) the read depth was at least 20 in all samples (i.e. no missing calls); and (iii) the genotype score as reported by BCFtools was at least 10 in all samples. The Hamming distance (i.e. the number of different genotype calls) was calculated between any two samples. The resulting distance matrix was used to construct a neighbor-joining tree with the function nj() in the package 'ape' ([@b33]).

Accession numbers
=================

PRJEB1810 (exome capture reads), PRJEB1811 (WGS reads for *H. bulbosum)*, PRJEB1812 (WGS reads for *H. pubiflorum*), PRJEB3403 (WGS assembly of *H. bulbosum*) and PRJEB3404 (WGS assembly of *H. pubiflorum*).
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**Methods S2.** TruSeq WGS library preparation.
